Repair of soft-tissue defects resulting from lumpectomy or mastectomy has become an important rehabilitation process for breast cancer patients. This study aimed to provide an adipose tissue engineering platform for soft-tissue defect repair by combining decellularized human adipose tissue extracellular matrix (hDAM) and human adipose-derived stem cells (hASCs). To derive hDAM, incised human adipose tissues underwent a decellularization process. Effective cell removal and lipid removal were proved by immunohistochemical analysis and DNA quantification. Scanning electron microscope examination showed three-dimensional nanofibrous architecture in hDAM. hDAM composition included collagen, sulfated glycosaminoglycan, and vascular endothelial growth factor but lacked major histocompatibility complex antigen I. hASC viability and proliferation on hDAM were proven in vitro. hDAM implanted subcutaneously in Fischer rats did not cause an immunogenic response, and it underwent remodeling as indicated by host cell infiltration, neovascularization, and adipose tissue formation. Fresh fat grafts (Coleman technique) and engineered fat grafts (hDAM combined with hASCs) were implanted subcutaneously in nude rats. The implanted engineered fat grafts maintained volume at week 8, and the hASCs contributed to adipose tissue formation. In summary, the combination of hDAM and hASCs provides not only a clinically translatable platform for adipose tissue engineering but also a vehicle for elucidating fat grafting mechanisms.
Introduction
Fat grafting has recently come to prominence as an important tool in breast reconstruction after lumpectomy or mastectomy, and it has even been promoted as a means to achieve complete breast reconstruction [1] [2] [3] [4] . This approach not only adjusts the volume of the reconstructive site but also improves the tissues surrounding where the grafts are placed. In particular, fat grafting with adipose tissue harvested through a small incision by liposuction has enormous appeal to patients and surgeons alike because this technique is minimally invasive and has shown promise as a means of restoring varying degrees of soft-tissue loss throughout the body. However, the outcome of fat grafting is quite variable; the degree of volume loss after fat transfer has ranged from 10% to 90% [5, 6] . Factors that have been proposed to account for such discrepant outcomes include the superiority of certain harvest sites, recipient site quality, differences in fat harvest and injection techniques, trauma during graft preparation, and variability in patient stem cell quantity and quality [3, 5, [7] [8] [9] . It is also unclear how fat grafts survive and interact with the surrounding microenvironment [3] .
Adipose cells, which constitute most of the adipose tissue, are the major cellular component of fat grafts. These cells regulate numerous cellular processes, including insulin action, energy homeostasis, inflammation, and cell growth. However, adipose cells are too fragile to sustain mechanical stress during the grafting process and the hypoxic conditions after grafting [10] . Adipose-derived stem cells (ASCs), another cellular component of adipose tissue, play an important role in fat grafting and adipose tissue regeneration and are considered an ideal autologous cell source for adipose tissue engineering [11] [12] [13] . ASCs could be easily derived from excised adipose tissue or liposuction samples, which are usually discarded after operation, and they maintain their ability to proliferate and their differentiation potential in culture. Clinical reports and basic research have suggested that ASCs play an important role in successful fat grafting. Repeated injection of ASCs instead of fat grafts has been used effectively in the clinic. However, how injected ASCs work in the grafting procedure is unclear.
Providing the microenvironment for cellular components to interact with, extracellular matrix (ECM) is another important component of adipose tissue. Natural and synthetic materials have been developed to provide three-dimensional (3D) scaffolding that mimics ECM properties for adipose tissue regeneration and reconstruction. In accordance with the plastic surgery rule of 'replace with alike', ECM from adipose tissue could function as a biomimetic scaffold. Decellularization, which is a helpful way of deriving native ECM from adipose tissues, would allow the study of native ECM properties and would guide tissue engineering to design a biomimetic scaffold [14, 15] . ECM from both porcine [16] and human [17] [18] [19] [20] adipose tissue have been used for tissue engineering. Adipose tissue-derived matrix has also been made into gels for injection [19, 20] . However, native 3D structural and biochemical properties of adipose ECM are destroyed to various extents with the current protocols. The decellularization process needs to be perfected so that it not only effectively removes cellular components and oil but also maintains intact ECM properties.
This study aimed to provide an adipose tissue engineering platform and explore the fate of fat grafts from both the engineering and clinical perspectives. First, we developed a protocol to derive decellularized human adipose tissue ECM (hDAM) from incised fat tissues. By combining hDAM and human ASCs (hASCs), an engineered graft platform was created. Second, hDAM was subcutaneously implanted into Fischer rats to study the hDAM-induced immunoresponse, and we compared the cellular dynamics in fresh fat graft versus an engineered hDAM-hASC construct in a nude rat model. To gain a better clinical perspective, instead of culturing and differentiating hASCs in vitro, we mixed freshly harvested hASCs with hDAM to mimic the clinical fat grafting procedures.
Materials and methods

Human adipose tissue decellularization and injectable microparticle fabrication
All procedures were conducted under institutional review board approval and in accordance with research guidelines at the University of Texas MD Anderson Cancer Center. Patients had provided informed consent for the use of their tissues for basic research. Adipose tissue samples (subcutaneous adipose tissue in the abdominal wall area) were collected from patients undergoing reconstructive surgery, stored in saline on ice, and delivered to the lab for processing within 4 h after harvest. Samples were frozen at −80 °C, then cut into 4×2×1-cm pieces at −20 °C and processed following the protocol previously described [21] . 6 to 10 pieces were put into one flask for processing; 10 flasks could be used so 60 to100 pieces could be processed at the same time. Briefly, samples were re-frozen at −80 °C and thawed at room temperature for 3 cycles, and then washed in ultrapure water for 2 days at room temperature with agitation (120 rpm). These samples were then treated with 0.5 M NaCl for 4 h, which was followed by 1 M NaCl for 4 h, and washed in ultrapure water overnight; this saltwater wash procedure was repeated. After being treated with 0.25% trypsin/EDTA for 2 h and washed in deionized water for 1 h, samples were processed with isopropanol (IPA) overnight. The samples were then treated with 1% Triton X-100 for 3 days (1 change daily), washed in ultrapure water for 2 days (3 changes daily), and rinsed in phosphate-buffered saline (PBS) for 1 day. Samples were stored at 4 °C in PBS with 1% penicillin/ streptomycinuntil.
To make hDAM injectable, hDAM scaffolds were freeze-dried and further processed into small pieces using an IKA A11 basic analytical mill (Sigma-Aldrich, St. Louis, MO). Mixed with saline, these microparticles were injectable with 16.5-gauge needles for engineered fat graft evaluation in vivo.
Histological and immunohistochemical (IHC) analysis
Native adipose tissues and hDAM were fixed in 10% formalin, embedded in paraffin, and sectioned into 5-μm slices. Slides cut from paraffin-embedded samples were processed for histological and IHC staining [21] . Slides underwent staining with hematoxylin and eosin (H&E), Oil Red O, and Masson's trichrome. Slides were also stained using antibodies against vascular endothelial growth factor (VEGF; Oncogene Science, Cambridge, MA) and major histocompatibility complex antigen class I (MHC-I; Abcam, Cambridge, MA). After staining, slides were dehydrated, mounted, and imaged using an Olympus IX71 microscope (Olympus, Center Valley, PA).
DNA assessment and quantification
Slides cut from paraffin-embedded samples underwent DAPI staining to show cell removal. Cell removal was quantified by measuring nucleic acid concentration with the Quant-iT PicoGreen dsDNA assay kit (Molecular Probes, Eugene, OR) as previously reported [21] . DNA quantity was normalized to the initial dry weight of the tissue.
Sulfated glycosaminoglycan (GAG) content
The sulfated GAG content of hDAM samples was quantified using an Alcian blue colorimetric assay kit (sGAG dye-binding assay, ALPCO, Salem, NH) as previously described [21] . GAG content was normalized to the initial dry weight of the tissue.
Scanning electron microscopy (SEM)
hDAM samples were frozen at −80 °C and dried through lyophilization. These dry samples were coated under vacuum using a Balzer MED 010 evaporator (Technotrade International, Manchester, NH) with platinum alloy for a thickness of 25 nm and were immediately flash carbon coated under vacuum. Samples were examined with a JSM-5910 scanning electron microscope (JEOL, Peabody, MA) at an accelerating voltage of 5 kV. Fiber size was measured with ImageJ software (National Institutes of Health, Bethesda, MD).
Porosity measurement
The porosity values of hDAM samples were measured by liquid displacement [22] . We used ethanol because it penetrates easily into pores and does not induce shrinkage or swelling.
Yield measurement
Adipose tissue samples (n = 3) were measured for weight and volume before and after the decellularization process. Yield was defined as the ratio of final weight or volume to initial weight or volume.
hASC culture and integration with hDAM in vitro
hASCs were isolated and cultured using our established protocol [24] . hASC identification was confirmed by flow cytometry analysis using antibodies against CD29 and CD90 (ASCs/ stromal cells), CD11b (immune cells), and CD45 (hematopoietic cells). hASCs within 3 passages were harvested and plated onto hDAM samples at a density of 2.5×10 4 cells/cm 2 . Cell viability and proliferation on hDAM were studied by live cell staining using calcein AM (Biotium, Hayward, CA) as described previously [21] . Samples were examined with an Axiovert 200 fluorescence microscope (Zeiss, Thornwood, NY) on days 1, 3, and 7 after cell seeding. Cell morphologic features (perimeter, area, roundness, and elongation) were measured using Adobe Photoshop CS5.1 image-processing software (Adobe, San Jose, CA). Roundness was defined as 4*π*area/(perimeter) 2 and elongation as length/width.
Examination of hDAM-host reaction in vivo
All procedures for which animals were used were approved by the Institutional Animal Care and Use Committee of the MD Anderson Cancer Center and met all requirements of the U.S. Animal Welfare Act. Four male 8-to 10-week-old Fischer 344 rats (Harlan Laboratories, Indianapolis, IN) were anesthetized and maintained with isoflurane (0.5-2%, 3-5 L/min) and oxygen. One hDAM sample (0.5×1 cm) was implanted subcutaneously on the back of each rat. The animals were monitored for clinical signs of inflammation or rejection for 30 days and then euthanized by applying CO 2 . Specimens were cut at the center of the explants and fixed in 10% formalin. Slides cut from paraffin-embedded samples underwent H&E staining, Masson's trichrome staining, and IHC staining with antibodies against CD31, CD68, CD80, CD163, CD4, and CD8 (all at 1:200, Abcam). CD 31 is an endothelial cell marker; CD68, CD80, and CD163 are macrophage markers; CD4 and CD8 are lymphocyte markers. Positively stained cells were counted for quantification.
Adipose tissue engineering by hDAM combined with hASC implantation in vivo
Male nude rats (8-to 10-week-old, National Institutes of Health, Bethesda, MD) were anesthetized and maintained with isoflurane (0.5-2%, 3-5 L/min) and oxygen. To prepare the hDAM-hASC construct, all cells isolated from 0.5 mL of fresh fat graft (Coleman technique) were suspended in 0.5 mL of saline and loaded on hDAM microparticles. A total of 2×10 5 live cells from 0.5 mL of fresh fat graft contained 4×10 4 hASCs (unpublished data). In one set of animals, the combination construct was subcutaneously injected on the back of the nude rats. In other sets of animals, 0.5 mL of fresh fat graft, or total live cells derived directly from 0.5 mL of fresh fat graft (2×10 5 cells) and resuspended in 0.5 mL of saline, was subcutaneously injected on the back (n = 4 per group). Samples of the injected material were harvested at weeks 1, 2, 4, and 8. Specimens were cut from the center of the explants and fixed in 10% formalin. Slides cut from paraffin-embedded samples underwent H&E staining as well as IHC staining with HuNu antibody (for human cell nuclei, 1:200, Millipore, Bedford, MA) and anti-CD31 antibody (for CD31, 1:200, Abcam). Positively stained cells were quantified for comparison.
Statistical analysis
Data are presented as means ± standard deviation (s.d.). Data were analyzed using one-way analysis of variance with SigmaStat software (Systat Software Inc., San Jose, CA). P values of less than 0.05 were considered significant.
Results
Characterization of hDAM
Human adipose tissue samples turned from yellow to white after decellularization. As confirmed by H&E and DAPI staining, cell nuclei were absent in hDAM compared with native tissues (Figure 1) . A low level of DNA content was detected (2.1 ± 0.9 ng/mg DNA/ dry sample weight). These results indicated the removal of the cellular component in hDAM. Oil Red O staining confirmed the removal of oil in hDAM (Figure 1 ). SEM images confirmed that cells were absent in hDAM, leaving 3D porous structures (porosity = 81.8 ± 9.5%) (Figure 2A ). Nanofibrous structures of ECM were well maintained in hDAM (fiber size = 481.5 ± 96.9 nm) ( Figure 2B ). The decellularization process generated hDAM scaffolds with a yield of 10.6 ± 0.4% per weight or 12.0 ± 3.4% per volume.
Masson's trichrome staining showed that collagen was a major component in native adipose tissue (Figure 3 ). After decellularization, the collagen component was maintained in hDAM ( Figure 3 ). As indicated by assay results with Alcian blue, GAG was also retained in hDAM (1.72 ± 0.64 μg/mg GAG/dry sample weight). IHC analysis indicated that VEGF, which plays an important role in angiogenesis and neovascularization, was retained in hDAM. In native adipose tissue, VEGF was found mainly at the spots of blood vessels as well as surrounding adipose cells. After decellularization, VEGF was observed along fibrous structures (Figure 3) , which corresponded to the nanofibrous structures observed with SEM ( Figure 2) . As determined by IHC analysis, MHC-I was found mainly at the spots of blood vessels in native adipose tissue. The absence of MHC-I in hDAM indicated the removal of alloantigenicity from hDAM ( Figure 3 ).
hASC integration with hDAM
hASCs (CD29 + CD90 + CD45 − CD11b − ) were cultured on hDAM ( Figure S1 ). Live cell staining with calcein AM proved that hDAM supported hASC survival and proliferation ( Figure 4) . hASCs attached well to hDAM at day 1 after plating. When cultured in vitro, hASCs proliferated on hDAM from day 1 (5541 cells/cm 2 ) through day 7 (7405 cells/cm 2 ) (P<0.05). Quantitative analysis of cell morphologic features confirmed significant differences between cells cultured on hDAM and cells cultured on 2D glass slides (Table 1) . For example, hASCs on hDAM exhibited smaller spreading areas and perimeters and rounder shapes (P<0.05 for each comparison).
To make hDAM injectable for in vivo application, hDAM scaffolds were further processed into microparticles ( Figure S2 ). The variance in hDAM microparticle was limited by the mill processing. The size of resultant hDAM microparticles was mostly below 200 μm. hASCs cultured on this particle system also formed cellular aggregates distributed in three dimensions in vitro (Supplementary Video 1) .
Evaluation of hDAM-host interaction in vivo
Implanted hDAM scaffolds were surrounded by a thin capsule ( Figure 5 ). Uniform cell infiltration was observed within implanted samples from H&E staining. According to results from Masson's trichrome staining, most implants remained collagen-based scaffolds but exhibited local remodeling where they were close to the capsular layer. In the remodeled area, neovascularization (CD31 + ) was observed. All infiltrated cells in hDAM samples stained negatively for macrophage markers CD68, CD163, and CD80 ( Figure 5 ). A few cells stained positively for lymphocyte markers CD4 and CD8 (cell density = 19.7 ± 19.6 and 32.0 ± 27.6 cells/mm 2 , respectively). Taken together, these results indicated that the hADM grafts were well vascularized and without obvious rejection or inflammation 30 days after subcutaneous implantation.
Evaluation of in vivo adipose tissue engineering
The engineered hDAM-hASC construct recapitulates the major components in native adipose tissue. The in vivo implanted fresh fat graft and engineered fat graft were harvested at week 2, 4, or 8. All graft samples were encapsulated by a thin and loose fibrous capsule layer and retained their 3D volume through 8 weeks post-implantation ( Figure 6 ).
Cell infiltration was assessed by H&E staining, and the presence of injected hASCs was evaluated by IHC staining for HuNu antibody (Figure 7) . In engineered fat graft, the density of 'donor' cells (i.e., original hASCs, HuNu + ) did not change significantly from weeks 2 to 4 but did decrease significantly from weeks 4 to 8 (P<0.05) (Figure 7C, left) . The density of 'host' cells (i.e., rat cells, HuNu − ) was maintained from weeks 2 to 4 but increased significantly from weeks 4 to 8 (P<0.05). The percentage of donor cells in total observed cells decreased significantly from weeks 2 to 8 (P<0.05) (Figure 7C, right) . Adipose tissue formation was observed at weeks 4 and 8 ( Figures 7A and 7B ). Cells at the adipose structures stained positively for HuNu, indicating that implanted hASCs developed into adipose tissue after 4 weeks.
In the fresh fat graft group, fat graft became remodeled from the outer layer toward the center, which was indicated by the observed cell infiltration and ECM remodeling ( Figure  7D ). From weeks 4 to 8, HuNu + cells were observed at the center of the fat grafts, which were not remodeled. At the remodeled areas, most of these cells observed were HuNu − . The total number of cells observed within fat graft at the remodeling site significantly decreased from weeks 2 to 4 (P<0.05) but did not change significantly from weeks 4 to 8 ( Figure 7F , left). The number of donor cells at the remodeling site kept decreasing from weeks 2 to 8 (P<0.05), while the number of host cells kept increasing (P<0.05). The percentage of donor cells at the remodeling site decreased significantly from weeks 2 to 8 (P<0.05) ( Figure 7F , right). These results indicated that after injection of fresh fat graft, host cells played an important role in remodeling the implants.
Vessel structure was confirmed by IHC staining for anti-CD31 antibody. Vascular structures were observed from weeks 2 to 8 in engineered fat grafts ( Figure 8A) ; vessel density did not change from weeks 2 to 4, but decreased significantly from weeks 4 to 8 ( Figure 8C ). In the fresh fat graft group, vessel density increased significantly from weeks 2 to 4 and did not change significantly from weeks 4 to 8 ( Figure 8C ). Compared with the fresh group, the engineered group exhibited significantly higher vessel density at week 2 (P<0.05) but lower values at week 4 (P<0.05) and week 8 (P<0.05) ( Figure 8C ).
Discussion
In this study, we created a platform for engineering adipose tissues and exploring the fate of fat grafts from both the engineering and clinical perspectives. ECM provides the microenvironment for cells to interact with and cues for cellular function and activity. However, reports of the native structure of adipose tissue ECM have been highly variable [17, 19, [23] [24] [25] . To study ECM properties in adipose tissue, we developed a protocol for human adipose tissue decellularization. It is important that this model recapitulate not only the component properties of ECM after decellularization for tissue regeneration but also the 3D architecture to mimic the native niche or microenvironment. Incised abdominal wall adipose tissue was used for decellularization in this study. Compared with other sources, such as the placenta or liposuction samples [25] [26] [27] [28] , incised abdominal wall adipose tissue better maintains intact components and structures.
We demonstrated a lack of DAPI staining in hDAM, confirming the removal of the cellular component. DNA was barely detected in hDAM with a DNA assay. In contrast with the remaining DNA quantity of about 0.6 μg/mg reported by Young et al. [19] and about 100 nm/mg reported by Kim et al. [25] , hDAM in our study showed a very low level of DNA quantity (2.1 ± 0.9 ng/mg DNA/dry sample weight), demonstrating highly effective cell removal. The oil component was effectively removed by IPA. Ethanol and enzymes such as lipase and colipase have been used to remove oil [18, 19] , but IPA appears to be the most effective agent [18] . Our SEM images showed that hDAM maintained the native 3D architecture of ECM, as characterized by microscopic nanofibrous features. The remaining scaffolds were composed mainly of collagen and GAG. Laminin is another important component in ECM, which affects cell attachment and adhesion. However, hDAM derived using the current protocol did not show positive signal for laminin (data not shown). The presence of VEGF in hDAM indicated a pre-angiogenic property, whereas the absence of MHC-I implied that hDAM was free of implantation rejection. To make hDAM injectable for in vivo application, hDAM scaffolds were further processed into microparticles ( Figure  S2 ). The variance in hDAM microparticles was limited by the mill processing. Sieving could be applied to improve the size control of hDAM microparticles. This study provided a proofof-concept of a soft-tissue repair platform for clinical application. In order to translate this platform for clinical application, further improvements to the protocol are needed to shorten the processing cycle while maintaining the native adipose tissue ECM properties (e.g., better maintenance of ECM components such as laminin). An automated high-throughput processing system will eventually be involved to increase the efficiency of the platform and meet the quantity needed in clinic.
Live-cell staining with calcein AM proved that hASCs were successfully integrated with hDAM in vitro. In addition, hDAM affected hASC morphology as compared with 2D cultured hASCs on glass slides. hASCs on hDAM exhibited in vivo-like morphologic features, as indicated by smaller areas and rounder shapes compared with hASCs cultured on 2D surfaces. The effect of hDAM on hASC morphological changes may be due to the distinctive architectural properties of hDAM: hDAM scaffolds presented porous structures with nanofibrous structures, which have been reported to affect cellular morphology and function [18, 20, [29] [30] [31] . Thus, our study of the interaction between hASC and hDAM supports the idea that hDAM with native ECM properties provides a suitable niche for hASC integration.
After allogeneic tissue transplantation, implants are recognized as foreign antigens by the immune system, which leads to implant degradation and graft loss [32, 33] . An immunogenicity evaluation of an allogeneic tissue-derived biomaterial is necessary before it can be clinically applied. We studied hDAM-induced implant-host interaction by examination of macrophage and T lymphocyte infiltration within grafts. As is well known, CD80 is a macrophage marker for the inflammation stage and CD163 is a macrophage marker for the remodeling stage [21] . CD4 and CD8 are markers for two populations in T lymphocytes: Lymphocytes that carry CD4 molecules mainly induce immune responses, whereas lymphocytes that carry CD8 molecules are predominantly cytotoxic [32] . Our results showed that few macrophages and a very low level of lymphocytes were noticed in implants, which implies that xenogeneic implantation of hDAM did not elicit an immunogenic or infectious response. In our previous report on decellularized musculofascial matrix, heterotopic implantation elicited a foreign-body response as shown by macrophage infiltration; further analysis suggested that these macrophages were mainly at the remodeling phage at week 4 of implantation [21] . In the present study, few macrophages were observed in the hDAM graft, suggesting that the hDAM-induced host response might have been past the macrophage infiltration and remodeling phase at week 4 of implantation. Instead of acting as a passive filling material, hDAM also underwent vascularization and adipose tissue regeneration at day 30 of implantation, which is consistent with other reports on adipose tissue-derived matrix [16, 17, 19] . Decellularized muscle or fascia have shown potential for muscle regeneration [21] , while in our study hDAM showed potential for adipose tissue regeneration. These results support the strategy of 'replace with alike'. Before our platform can be translated to clinic application, however, further research on sterilization and immune response in large-animal models is needed.
ASCs play an important role in adipose tissue regeneration and have been applied in the clinic for reconstruction. In addition, ASCs are known to secrete growth factors, such as VEGF, to improve vascularization or recruit cells at the implant site for vascularization and remodeling [34] . However, ASC injection alone is not sufficient to retain volume ( Figure 6 ). Thus, scaffolds are needed to hold ASCs at the injection site over the long term. In our study, both engineered graft (combined hDAM and hASCs) and fresh fat graft retained implantation volume for 8 weeks. All implants underwent remodeling from the outer layer to the center. In both engineered graft and fresh fat graft, the total number of observed cells within implantations decreased from week 2 to week 8, with a decrease in donor cells and an increase in host cells, suggesting donor cell loss and host cell infiltration after implantation. In all, these two groups shared similar trends in cellular dynamics within implants. These results support the engineered graft, which recapitulates the major components of fresh fat graft, as a promising alternative for soft-tissue repair.
hASCs were detected with IHC staining for HuNu antibody in engineered fat graft at week 8, suggesting that adipose regeneration within engineered graft originated from implanted hASCs in our model. The strategy we presented in this study uses an in vivo scenario as the bioreactor and mimics procedures performed in operating rooms. It provides a proof-ofconcept for translatable clinical application. In addition, it is a simple procedure that is easy to implement. Therefore, an hDAM scaffold combined with stem cell-based treatment is a promising development in adipose tissue engineering [20, 35, 36] .
In engineered graft, vascularization decreased from weeks 2 to 8, whereas in fresh fat graft, vascularization increased from weeks 2 to 8. After the decellularization process, even though hDAM maintained the major adipose tissue ECM components and 3D structure, there was still a gap between native adipose tissue and hDAM. Adipose tissues consist of components other than cells, such as a complicate cytokines system. Thus, the next step for adipose tissue engineering may be the integration of cells plus multiple growth factors with hDAM implantation. In addition, the role of each cell type in the fat grafting mechanism needs to be explored.
Conclusion
We developed an effective decellularization protocol for processing human adipose tissue. The resultant hDAM led to effective removal of cellular components and oil and to wellmaintained 3D architecture and biochemical composition. hDAM was non-cytotoxic to ASC culture, offering a natural niche for hASC integration and proliferation. In vivo testing demonstrated the biocompatibility, vascularization, and potential of adipose tissue regeneration of the hDAM-hASC construct. Hence, this study provides a platform and scaffold design standard for adipose tissue engineering.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. SEM image of hDAM samples. Freeze-dried hDAM scaffolds were highly porous. Scale bar = 50 μm. Characterization of hDAM components. Samples were stained with Masson's trichrome to detect collagen, and antibodies were used to detect VEGF and MHC-I. Corresponding staining for native adipose tissue was used for comparison. Positive staining is indicated by arrows. Scale bar = 200 μm. Fluorescent images showing that hASCs (stained with calcein AM; green) proliferated on hDAM samples and on 2D glass on days 1, 3, and 7 of culture. Scale bar = 100 μm. hDAM scaffolds were embedded subcutaneously in Fischer rats for 4 weeks. Samples were harvested, imaged, processed for H&E and Masson's trichrome staining, and processed for IHC analysis with antibodies against CD31, CD68, CD163, CD80, CD4, and CD8. Infiltrated cells were negative for inflammatory cells (CD68 − , CD163 − , and CD80 − ). A few cells were observed for CD4 + (blue arrow) and CD8 + (yellow arrow). Blood vessels (red arrow) were distributed throughout implanted samples. Scale bar = 200 μm. Fresh fat graft (Coleman technique; 0.5 mL of fat graft/spot), hDAM combined with hASCs (0.5 mL of hDAM in PBS mixed with hASCs, cell density 4×10 5 cells/mL), and hASCs alone (0.5 mL of hASCs in PBS, cell density 4×10 5 cells/mL) were injected subcutaneously in nude rats. Samples were harvested at weeks 2, 4, and 8. Inserts show cross-section views of implants. Scale bar = 1 mm. At weeks 2, 4, and 8, harvested samples of engineered (A) and fresh (B) fat graft were studied with anti-CD31 antibody (red arrows) and hematoxylin staining (blue arrows). Scale bar = 200 μm. (C) Vessel density was semi-quantified and compared. Table 1 Summarization of cellular morphology on DAM samples and 2D glass slides on day 1, 3 and 7 in culture. 
